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NATIONAL ADVISORY COMMITTEE FOE AEEONAUTICS 

BESEAECH MEMOBANDUM 

CHAEACTEBISTICS OF EEEFOEATED DIFFC3SEES 

AT FBEE-STEEAM MACE NUMBER 1.90 

By Henry E. Hunczak and Emil J. Kremzier 

SUMMART 

An investigation of a series of perforated convergent- 
divergent diffusers was conducted in the NACA Lewis 18- by-18-inch 
tunnel at a Mach number of 1.90. Contraction ratios of 1.40, 
1.49, 1.53, 1.55, 1.59, 1.63, and 1.70 and various perforation 
distributions were investigated to determine (a) the average sub- 
sonic flow coefficient (effeotive area ratio), (b) the perforation 
distribution required for establishing supersonic flow in the inlet, 
and (c) the effect of various perforation distributions on peak 
total-pressure recoveries, relative mass flow, and Bhock stability. 

The circular, sharp-edged orifices used to perforate the inlets 
had an average subsonic flow coefficient of 0.5 when spilling the 
subsonic flow "behind the normal shock. 

A wide range of peak total-pressure recoveries and relative 
mass flows were obtained over the range of contraction ratios 
investigated. A maximum total-pressure recovery of 96. percent 
was obtained with an inlet having a contraction ratio of 1.63. The 
relative mass flow at this recovery was 82 percent. An inlet with 
a contraction ratio of 1.40 gave a TnaTlTnwn relative mass flow of 
98 percent while attaining a total-pressure recovery of 0.90. 

Pressure recoveries up to 92 percent were obtained using a 
theoretical distribution of perforations based on the design con- 
siderations for neutral shock equilibrium. For some of these 
configurations, shock stability at the throat of the inlet was 
observed. Additional perforations upstream of the throat stabilized 
the shook in the converging section of the diffuser and improved the 
pressure recovery, but reduced the relative mass flow. 

Agreement between theoretical and experimental relative mass 
flows was within approximately 1 percent over a range of contraction 
ratios from 1.40 to 1.59 with the perforation distributions used. 
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USTEODÜCTION 

Supersonic diffusion that results in pressure recoveries 
exoeeding those of a free-stream normal shock is usually obtained 
"by decreasing the shook Mach number through a contraction of the 
supersonic flow-stream tube. Two methods of contracting the 
flow-stream tube are by external diffusion in whioh the flow is 
compressed by a projecting cone or wedge, and by internal dif- 
fusion in whioh a converging channel forces a compression of the 
flow. 

When the second method is employed, at least two factors 
limit the full utilization of the diffusion process. First, the 
contraction of the converging channel (inlet) is limited by the 
subsonic mass flow behind the normal shook, whioh must pass 
through the minimum area (throat) when the shock is at the inlet 
entrance; and second, when the shock is in the vicinity of the 
minimum area or throat, its instability limits the minimum shock 
Mach number that can be realized (references 1 and 2). 

Perforations along inlet walls may be utilized to minimize 
or to eliminate the contraction limitation and the shook instability 
disoussed in the previous paragraph (reference 3). Because of 
the static-pressure rise aoross a normal shock, the perforations 
along the inlet spill a high rate of mass flow when the shock is 
ahead of the inlet and the static-pressure differential across the 
perforations is high, and spill a low rate of mass flow when the 
shook is at the throat and the static-pressure differential is 
low. (Thus the inlet can oontract the flow until the shock occurs 
at sonic velocity and the static pressures before and after the 
shook are equal.) For positions of the shock in the inlet, the 
perforations tend to maintain a balance of the flow spillage nec- 
essary to stabilize the shook; therefore, with the normal shook 
occurring at sonic or close to sonic velocity and with shock 
stability, high pressure recoveries are obtained (reference 3). 

An inherent characteristic of the perforated inlet is the 
continuous flow spillage through the perforations when the shock 
is at or downstream of the throat. Although spillage may represent 
a loss in thrust on a ram-Jet configuration, it may also serve as 
a boundary-layer bleed and a source of flow turbulence to minimize 
flow separation. 

A study was made at the NACA Lewis laboratory of some of the 
stability considerations of the perforated convergent-divergent 
diffuser. The pressure recoveries that can be obtained with 

* 
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perforated inlets over a range of contraction ratios and the amount 
of mass flow spilled associated with each inlet were experimentally 
determined. A method of evaluating the relative merits of increase 
in pressure recovery associated with this lost mass flow on an 
internal-thrust-coefficient "basis is also included. 

B 

Ct 

D 

F ' 

f 

8 

L 

M 

m 

P 

P 

Qa 

% 

1 

E 

S 

SYÜBOIß 

The following symbols are used in this report: 

summation of perforated area upstream of diffuser throat, (sq. ft) 

7-KL~|| 

-L (  2 V'1 
ET \7+l) 

internal thrust coefficient 

diameter, (in.) 

thrust, (lb) 

fuel-air•ratio 

acceleration due to gravity, (ft/sec2) 

length along inlet measured from entrance of supersonic inlet, ( In.) 

Mach number 

mass flow,   (slugs/sec) 

stagnation or total pressure,   (lb/sq, ft) 

static pressure,   (lb/sq. ft) 

subsonic flow coefficient of perforations  (effective-area ratio) 

supersonic flow coefficient of perforations  (effective-area 
ratio) 

dynamic pressure,   (lb/sq. ft) 

gas constant,   (ft/°R) 

diffuser area,   (sq. ft) 
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T   stagnation temperature, (°E) 

v   velocity, (ft/seo) 

ß   angle "between velocity vector v and outward-drawn vector $ 
normal to dA, (deg) £j 

7 ratio of specific heats 

9 angle between final Maoh line and diffuser wall, (deg) 

p static density, (slugs/cu ft) 

T heat-release parameter 

cp   coordinate angle between Mach line at M = 1 and local 
Maoh line, (deg) 

i>       Prandtl-Meyer expansion angle, (deg) 

w  angle "between positive direction of x   and outward-drawn 
vector normal to dA, (deg) 

Subscripts: 

0 free stream 

1 inlet entrance 

2 Inlet throat 

3 pitot-static rake in simulated combustion chamber 

4 outlet of simulated combustion chamber or ram-Jet exhaust 
•nozzle 

e   exit of perforations 

x,y local stations within diffuser 

*   indicates conditions at sonic velooity 

ANALYSIS 

The characteristics of the perforated diffuser at a given 
free-stream Mach number may, in part, be controlled by the 
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contraction ratio and the distribution of perforations. The 
analysis to determine these characteristics is in three parts: 
(1) the criterion for stähle, unstahle, and neutral shock 
equilibrium in the convergent portion of the diffuser, (2) the 
design of diffusers for neutral shook equilibrium, and (3) the 
conditions for normal shock entrance. A knowledge of the con- 
cepts of referenoe 3 is assumed. 

Criterion for stähle, unstable, and neutral shock equilibrium. - 
A normal shook is in stable equilibrium if momentary displacements 
of the shock are aocompanied by reactions that tend to return the 
shook to its equilibrium position. Stahility of the shock at various 
stations in the perforated diffuser shown in the following sketoh 
may be determined by means of the equation of continuity assuming 
one-dimensional flow: 

y  y 

MQ 

PO 

Eegardless of the position of the shock, the mass flow through the 
throat of the diffuser (station 2) must equal the mass flow through 
the choked outlet (station 4); therefore 

m2 «= mi = 
Wa 

y+l 

2(7-1) 

For the case of no heat addition, 

shock is downstream of the throat, 

(1) 

and if the 

are constant so 
that for shock equilibrium the product P4S4 must be constant. 
Should the shock be displaced from its equilibrium position, from 

to sx'> by means of some temporary disturbance, the Mach 
number ahead of the shock will increase and hence P4 will 
decrease. For a constant outlet area S^, insufficient mass flow 
will egress through the outlet, the shock will be moved towards 
its equilibrium position, and the condition will he stable. 
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* 
When the shook Is looated upstream of the throat, the flow 

"between, the throat and the outlet is subsonic, the stagnation 
pressure P^. can he considered proportional to Pg in equa- 

tion (l), and the throat Mach number Mo is then a funotion of 5? 

only the outlet area S4. Equation (1) is now satisfied for a H 

range of values of the throat stagnation pressure. 

If the equilibrium position of the shook is at Sy, the 

mass flow through the shock must equal the mass flow through the 
throat plus the mass flow through the perforations "between Sy 

and Sg. A transient displacement of the shock from Sy to Sy
f 

will increase the throat stagnation pressure and hence will increase 
the mass flow through the throat and through the perforations "between 
S ' and Sg. This increase and its counterpart, the deorease 

in mass flow through the perforations "between S_ and S', is 

expressed as a fraction of the mass flow through the shock station 
Sy'• For neutral shock equilibrium, the fractional increase in 

mass flow through the throat and perforations "between Sy' and Sg 

must he equal to the fractional decrease in mass flow through the 
perforations "between Sy and Sy'. If stähle equilibrium is to 

occur, the fractional decrease in mass flow through the perforations 
"between Sy and S_' must "be greater than the fractionally 

increased mass flow through the throat and perforations "between 
Sy' and Sg. The air will then accumulate downstream of the shook 

and force it towards its equilibrium position. Similarly, unstahle 
equilibrium will oocur should the fractional decrease in mass flow 
through the perforations "between Sy and Sy' "be less than the 

fractional inorease in mass flow through the throat and perforations 
"between Sy' and S2. It-should he noted that the criterion for 

shock equilibrium depends only on the local conditions. At any 
station along a given inlet the stahility of the shock may therefore 
he made unstahle, neutral, or stähle hy adjusting the distrihution 
of the perforations. 

The condition for shock stahility may he alternately expressed 
in terms of the throat Mach number, the equilibrium position of the 
shock, and the outlet area S^. For neutral equilibrium, the 

required fractional change In mass flow through the diffuser throat 
must he proportional to the fractional change In total pressure 
"behind the shock should the shook move from Sy to Sy1. The 

throat Mach number then remains constant, which satisfies equa- 
tion (l) for a constant outlet area S4. For stähle.equilibrium, the 
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required mass flow through the diffuser throat must increase in 
greater proportion than the throat total pressure should the shook 
move from S_ to Sy'. The throat Mach number then tends to 

increase and equation (l) is satisfied only if the shock returns to 
Sy or the outlet area S4 is increased. 

Design of diffusere for neutral shock equilibrium. - The 
theoretical treatment of reference 3 presents a method of determin- 
ing and correlating the perforation distribution A/Sg* and the 

local contraction ratio S/Sg* as a function of the local Mach 

number M to obtain a perforated isentropic inlet. With this type 
of inlet, the free-stream flow is decelerated to sonic velocity at 
the throat Sg* for any position of the normal shook between the 

inlet entrance Si and the throat. The local Mach number at any 
given station changes only when the shock moves past the station. 
Only two Mach numbers may therefore exist at a given station, 
either a supersonic Mach number or a subsonic Mach number that is 
related to the supersonic Mach number by the normal shock relations. 
Such diffusers give neutral shock equilibrium and have the minimum 
area of perforations to allow the supersonio flow to be established. 
The geometric contraction ratio S^/Sg* of the inlet is greater 

than the isentropic contraction ratio S^/S* for the free-stream 

Mach number M0 because of the flow spillage through the perfora- 

tions after the shock has been swallowed. 

The following assumptions were made: 

1. One-dimensional flow exists through the inlet. 

2. A total-pressure loss in the inlet occurs only through the 
normal shock. 

3. The subsonio flow coefficient is constant and the mass flow 
through the perforations downstream of the normal shock is choked 
and varies only with the total pressure. 

4. The supersonic flow through the perforations may be described 
by Prandtl-Meyer two-dimensional theory. 

The mathematical equations (from reference 3) used for calcula- 
tions are given in appendix A along with a simplified method of 
obtaining desired quantities through the use of available supersonio 
flow tables (reference 4). 
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The theoretical curves for a perforated isentropic inlet are 
presented in figures 1 and 2. The calculations for these curves 
are "based on a free-stream Mach number of 1.90 and the assumption 
that the statio pressure at the exit of the perforations pe is 
equal to the free-stream statio pressure p0. These figures are 

plots of the summation of the ratio of perforated area to throat 
area A/S2* and the ratio of diffuser area to throat area s/Sg* 

as functions of the looal Mach number. Because of a laok of 
experimental data on flow coefficients for sharp-edged orifices 
having components of velocity normal and tangential to their sur- 
faces, the calculations were made for oonstant subsonic flow 
coefficients 0^ of 0.4, 0.5, 0.6, and 0.7. Figures land 2 may 
he used to obtain the relations of the ratios of perforated area 
and diffuser area to throat area required for neutral shock equili- 
brium for any inlet whose geometric contraction ratio S^/Sg is 

less than that of the perforated isentropic inlet from the follow- 
ing considerations: 

A perforated isentropic inlet with the normal shock occurring 
at any local area (as shown in the following sketch) may he cut 
off at the local area ST to obtain a new inlet whose contraction 

ratio S^/Sg is equal to the area ratio S^/Sy. The perforation 

distribution is such that neutral shock equilibrium still exists 
for all positions of the normal shock between Sj_ and ST because 

the,flow conditions upstream of and the mass flow immediately down- 
stream of the normal shock are not changed. 

i1-^    s 

MQ M>1 M<1        M=l 

The Mach number behind the normal shock at the new throat is now 
subsonic, but still remains constant for upstream displacements of 
the shock. In figures 1 and 2, dashed lines that represent constant 
values of the ratio of inlet-entrance area to diffuser area equal 
to the desired contraction ratio S^/Sg  are shown. To the right 

of the dashed lines, the theoretical curves are applicable to the 
desired contraction ratios. The values of the ratios of perforated 
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area to throat area and diffuser area to throat area obtained from 
the theoretical curves, however, are in terms of the theoretical 
throat area S„^   and are displaced along the ordinate by the values 
corresponding to the part of the inlet that is no longer required. 

Eliminating the local Mach number as the independent variable 
and converting the relations to a specific geometrio contraction 
ratio results in a direct plot of the perforated-area to throat- 
area ratio as a function of the diffuser-area to throat-area ratio 
vith the subsonic flow coefficient as an independent parameter, as 
shown in figure 3 for a contraction ratio of 1.55. (The contraction 
ratio for the perforated isentropic inlet is 1.675 at a flow coef- 
ficient of 0.5.) The curves determine the theoretical perforation 
distribution required for neutral shock equilibrium for each assumed 
value of the subsonic flow coefficient. 

In the following discussions, referenoe is made to theoretical 
distribution, which is defined as a distribution of perforations 
giving neutral shook equilibrium for an assumed (constant) value of 
ft . Each curve in figure 3 is therefore theoretical according to 

definition; however, only the theoretical distributions correspond- 
ing to the true value of flow coefficient will provide neutral shock 
equilibrium in an actual inlet. The remaining theoretical curves 
may then be considered as variations of the perforation distribution 
from that required for the true subsonic flow coefficient and are 
given to illustrate the effect on shock equilibrium as the config- 
uration is altered. 

As an example, the true value of the subsonic flow coefficient 
is assumed to be 0.5. When the perforation distribution conforms to 
this value, the subsonic throat Mach number remains oonstant at 0.791 
for all positions of the shook (the shock position is in terms of 
the ratio of inlet-entrance area to local diffuser area) within the 
inlet (fig. 4) and the equilibrium of the shock is neutral. Should 
the perforation distribution be increased to conform to that indicated 
by the subsonic flow ooefficient of 0.4 while maintaining the true 
flow coefficient of 0.5, the throat Mach number increases continuously 
from 0.63 when the shock is at the inlet entrance to 0.77 when the 
shock is at the throat, as shown by the lower curve of figure 4. 
The equilibrium of the shock is now stable. Conversely, for a 
deorease in the perforation distribution to that corresponding to a 
flow coefficient of approximately 0.55 the throat Mach number 
decreases continuously from 0.93 to 0.80 as the shock moves down- 
stream within the inlet, as shown by the upper curve of figure 4. 
For this distribution the equilibrium of the shock is unstable. 
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The slope of the perforation-distribution curve (fig. 3) is 
of particular interest "because it is nearly constant and changes 
only with subsonic flow coefficient. The slope may therefore he 
considered independent of the ahsolute value of the local diffuser- 
area to throat-area ratio and the local shock Mach number. Con- 
sequently, "by comparing the slope of the curve at looal stations 
of an arbitrary perforation.distribution (a variable slope) with 
that of the theoretical curve for the true value of the subsonic 
flow coefficient, the local regions of stähle, unstable, and 
neutral shock equilibrium may he determined. 

Conditions for normal shook entrance. - For inlets with con- 
traction ratios less than that of the perforated isentropic inlet, 
the minimum ratio of total perforated area to throat area required 
to bring the shock to the inlet entrance with the throat choked is 
less than that required for neutral shook equilibrium. The relations 
for this minimum total-area ratio can be derived from the equation 
of continuity on a one-dimensional basis as 

= JL 
fkjwia. " Qa 

7+1 
7+1 

2(7-1) 
P0 Sl „   / 2 

pT^MrrW 
(2) 

When the shock is at the inlet entrance, the throat velocity is 
sonic and the mass flow at the throat mg equals the mass flow 

entering the inlet entrance at free-stream conditions mg minus 
that through the perforations mg. If the perforation distribution 

is such that the throat will not ohoke for any intermediate location 
of the shook between the entrance and the throat, the shock will be 
swallowed and supersonic flow will be established throughout the 
inlet. Such a distribution may be obtained by using a theoretical 
distribution (as defined in conjunction with fig. 3) corresponding 
to a subsonio flow coefficient greater than the true value such that 
the minimum total perforated area is the required amount. 

The minimum ratio of total perforated area to throat area 
A]/s2 as a function of the geometric contraction ratio S,/S2 
(dashed curve fig. 5) is compared with the ratio of total perforated 
area to throat area required for neutral shock equilibrium (solid 
curve) in figure 5 for a free-stream Mach number equal to 1.90 and 
subsonic flow coefficients of 0.4, 0.5, 0.6, and 0.7. The fact that 
no perforations are required to permit supersonic flow to be estab- 
lished through the inlet at a geometric contraction ratio of 1.193 
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is substantiated "by the analytical and experimental data in ref- 
H erence 1. The two curves join when the geometric contraction ratio 
g> equals the perforated isentropic contraction ratio and the perfo- 

ration distributions are then unique. 

APPARATUS AND PROCEDURE 

The investigation was conducted in the HACA Lewis 18- by 
18-inch supersonio tunnel at a diffuser-inlet Mach number of 
1.90 ±0.01. The stagnation temperature of the air was maintained 
at approximately 140° F with eleotrio heaters and the dew point 
was reduced to -20° F with activated alumina, air driers. 

The investigation was made with a family of eight converging 
inlets, ranging in geometrio contraction ratio S^/Sg from 1.40 to 

1.70 and having equal throat areas. Internal contours of all inlets 
were designed on a one-dimensional basis by assuming the inlet- 
entrance Mach number to be the isentropic value corresponding to 
the geometric contraction ratio, and by assuming an almost linear 
reduction in local Mach number to sonic velocity in an axial length 
of 1.945 throat diameters. A throat length of 0.65 throat diameter 
was then added to aid shock stability. A schematic diagram of an 
inlet giving the principal dimensions and a table of coordinates 
for the various inlets investigated are shown in figure 6. 
The wall thickness of the inlets was approximately 3/32 inch, 
which determined the external contours. A short cylindrical section 
of arbitrary length was added to the entrance of each inlet to 
facilitate the use of a sharp entrance edge and to establish the 
desired wall thickness ahead of the initial perforations. 

The perforations in each inlet were initially drilled with a 
number 43 drill (0.089-in. diam.) perpendicular to the internal 
contour at axial stations l/l6 inch apart. They were then made 
into sharp-edged orifices with a standard 82.5° countersink. At 
each station, the perforations were arbitrarily spaoed around the 
circumference to produce as uniform an over-all density pattern as 
possible. The actual hole sizes were then measured. A half- 
section of an inlet shown in figure 7 illustrates a typical perfo- 
ration pattern. 

Modifications of the initial perforation distributions were 
made by either enlarging the existing holes on eaoh inlet or by add- 
ing holes of the same diameter as the preceding perforations. 
Throughout the entire investigation, however, the average diameter 
of all holes drilled in any one inlet did not exceed 0.12 inch. 
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All Inlets were mounted on the same test apparatus used in 
references 2 and 3. A sohematio diagram of the 5° conical subsonio 
diffuser and simulated combustion chamber is shown in figure 8(a). 
The 90° conical outlet control was used to regulate the hack pres- 

$ sure on the diffuser. w 
H 

Pressure instrumentation consisted of a 40-tube pitot-static 
survey rake located 0.55 combust Ion-chamber diameter downstream of 
the outlet of the subsonic diffuser (fig. 8(b)). The rake was so 
designed that eaoh pitot-static tube was located at the oentroid 
of one of the forty equal area segments Into which the combustion- 
chamber oross section was divided. 

All pressure readings were taken on a multiple-tube differential 
manometer board with acetylene tetrabromide as a working fluid and 
were photographically recorded. Shock-wave configurations around the 
inlets were ohserved with a two-mirror schlieren system and photo- 
graphs were taken of characteristic flow patterns. 

Total-pressure recoveries were calculated by taking the 
numerical average of the total pressures measured with the pitot- 
static rake and dividing by the free-stream total pressure PQ. 

Precision of measurements and calculations for pressure recovery 
was ±0.2 percent for any particular run and ±0.5 peroent for the ' 
entire experimental program. 

In order to evaluate the relative mass flows m^/mg from the 

pitot-static pressures, the rake in the simulated combustion chamber 
was calihrated with three different unperforated inlets having known 
mass flows. A 5° diverging inlet, a cylindrical Inlet, and a 5° 
converging inlet having a contraction ratio of 1.176 were used for 
the calibration. The mass flow entering the inlet entrance TOQ    was 
calculated from the free-stream total pressure, Mach number, and 
inlet area on a one-dimensional basis. The mass flow m.3 through 

the combustion chamber was calculated by summing up the Individual 
mass flows determined for eaoh area segment from the corresponding 
pitot-static pressure ratio. Calculations at the oombustion chamber 
were made on a one-dimensional hasis, with a correction made for the 
area of the tubes in the rake. The calihrations gave a oonstant 
value of relative mass flow of 1.06 for all three inlets. This cali- 
bration factor was applied.as a correction to all inlets investigated. 
From repeated test points, the precision of measurements of the 

relative mass flow m^mg was approximately ±2— percent for a single 
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test point. For conditions when the relative mass flow remains 
constant as the total-pressure recovery varies, the precision is 
believed to he within ±1 percent for an average of three or more 

Inlets with geometric contraction ratios less than 1.555 were 
used to determine the minimum ratio of total perforated area to 
throat area at which each inlet would swallow the normal shock. A 
high value of Q^   was first assumed and the inlet was perforated 

according to the corresponding theoretical distribution, as deter- 
mined from figures 1 and 2 for the contraction ratio under consider- 
ation. The assumed value of QQ^ was then incrementally decreased 

by adding perforations or by increasing the size of existing per- 
forations until the shock was swallowed. The perforation distribu- 
tion was maintained along a theoretical curve. In this manner, the 
experimental minimum ratio of total perforated area to throat area 
could be used in equation (2) to evaluate an average subsonic flow 
coefficient for the perforations. Comparisons of experimental data 
with the theoretical computations based on the experimental average 
subsonic flow coefficient could then be made. Perforations were 
then added near the throat to stabilize the shock for a short dis- 
tance in the converging section, rather than along the entire 
inlet length, and to maintain the mass-flow loss in the supersonic 
region at a minimum. Further additions were made farther upstream 
to obtain the effect of stable shock equilibrium over a greater 
range of diffuser-area to throat-area ratios. 

At the higher contraction ratios, the perforations near the 
throat required for shock stability were added to the initial per- 
forations before the minimum ratio of total perforated area to 
throat area had been attained. The subsequent perforation dis- 
tributions were again made to increase the range of stable shock 
equilibrium, as with the inlets of lower contraction ratio. 

The perforation distributions used with the various inlets are 
shown in figure 9 and are designated by the letters a, b, c, and 
so forth. The summation of perforated-area to throat-area ratio 
A/So is plotted as a function of diffuser-area to throat-area 

ratio S/S2. Perforation distributions designated "minimum for 
starting" conform to theory in that they were almost linear and were 
the first to allow complete entrance of the normal shock to the 
throats of the inlets. Those listed as "starting" allowed complete 
entrance of the normal shock but were not theoretical. 

For identification, each configuration is designated by its 
geometric contraction ratio and perforation distribution. The two 
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inlets having a contraction ratio of 1.40 and identical contours 
are differentiated by the numerals 1 and 2. For comparison, the 
theoretical curve of neutral shock equilibrium for a subsonic flow 
coefficient of 0.5 is shown as a dashed line. 

RESULTS AND DISCUSSION 

Subsonic Flow Coefficient 

The average subsonic flow coefficient calculated from the 
minimum ratios of total perforated area to throat area for start- 
ing in figure 9 and equation (2) was approximately 0.5, as 
graphically shown in figure 10. The minimum ratio of total per- 
forated area to throat area as a function of the contraction ratio 
Is compared with the theoretical curves from figure 5 for normal 
shock entrance and neutral shock equilibrium. Although the agree- 
ment "between theory and experiment is good, any conclusion should 
he qualified "by the fact that the subsonic flow coefficient thus 
obtained is an average value of all perforations In the inlet, and 
that the pressure differential is sufficient to cause the flow 
through the orifices to he choked. Any variation in the subsonic 
flow coefficient with the tangential or normal local Mach number 
is not apparent because each configuration coverB the range of 
subsonic Mach numbers from 0.596 to 1.0 when the shock is at the 
Inlet entrance. 

Effect of Perforation Distribution 

The configurations investigated may be grouped according to 
the theoretical consideration of the requirements for shock 
entrance into the inlets and shock equilibrium at the experi- 
mentally determined average subsonic flow coefficient of 0.5 into: 
(l) inlets having Insufficient perforated area to permit normal 
shock entranoe; (2) inlets having the minimum perforated area to 
permit normal shook entrance; (3) inlets with no region of stable 
shock equilibrium; and (4) inlets with some region of stable shock 
equilibrium. A further qualification necessary to differentiate 
between the configurations of the second and third groups is that 
those of the third group have more than the minimum perforated 
area required to permit normal shock entrance. Inlets with neutral 
shook equilibrium have been omitted because they form a borderline 
oase between those of the third and fourth groups and it is doubtful 
that this condition of shock equilibrium could be experimentally 
obtained over the entire range of shook positions within the inlet. 

ft 
H 
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Inlets having Insufficient perforated area to -permit normal 
shook entrance. - The total--pressure recovery P3/P0 as a 

function of the relative mass flow Ü2. =  
5 3^5   vas independent 

of the perforation distribution and all curves remained similar 
(fig. 11). When the relative mass flow is variable (subcritioal 
region of flow), the slight change in total-pressure recovery is 
largely the result of a change in subsonic diffusion losses because 
the only shock losses are external to the inlet entrance (refer- 
ence 2). When the relative mass flow is small, the subsonic dif- 
fusion losses are negligible and the total-pressure recovery of 
0.77 (fig. 11) corresponds to the total-pressure recovery aoroös a 
free-stream normal shock (0.767). 

At the transition from subcritioal to supercritical flow 
(a constant relative mass flow), the throat Mach number reaches 
unity. The subsonic diffusion losses (without internal shocks) 
are then a maximum, and the total-pressure recovery of 0.74 is 
approximately constant for all the configurations listed in 
figure 11 and may be used to evaluate a subsonic diffuser pressure 
recovery P3/P2 of 0.74/0.77 or 0.96. 

In the supercritical region of flow, the relative mass flow 
remains constant within the limits of precision of the instru- 
mentation. The decrease in total-pressure recovery ocours through 
an internal shock because of an acceleration of the flow to super- 
sonic velocities downstream of the throat (reference 2). 

Configuration 1.63-b (fig. 11(k)) allowed a partial entrance 
of the normal shock into the inlet as a result of adding perforations 
near the inlet entrance. The peak pressure recovery of 0.815 is 
greater than the free-stream normal shock recovery of 0.770, and a 
discontinuity appears between the subcritioal and supercritical con- 
ditions of flow. 

The average relative mass flows of the supercritical flow 
conditions from figure 11 are presented in figure 12 with the 
geometric contraction ratio as the independent variable. The 
solid theoretical curve is given by the equation 

7-1   ? 
Ü . *£ = 

P2 S2 M2 ( 1 *  ~ "O 
mg " niQ  P0 S± MQ^ + Z^^ 

7+1 
2(7=55 

(3) 
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•where P2/P0 is ^^ pressure recovery through the free-stream 

normal shook ahead of the inlet entrance and the throat Mach 
number Is unity. 

The agreement between theoretical and experimental relative 
mass flows is within the precision of the instrumentation and 
verifies the assumption that the flow through the throat of the 
inlet may he considered one dimensional. 

Inlets having minimum perforated area necessary to permit 
normal shock entrance. - Configurations with the minimum ratio 
of total perforated area to throat area (Ai/S2)min necessary 

to permit normal shock entrance have a large discontinuity "between 
the subcritical and supercritical conditions of flow (fig. 13). 
The discontinuity in relative mass flow, which averaged approxi- 
mately 20 peroent, illustrates the relative effectiveness of the 
perforations in removing mass flow before and after the normal 
shock is swallowed. The curves of the suboritical conditions of 
flow remain unchanged, terminating at approximately the same end 
points. For supercritical flow conditions, the curves are dis- 
placed by the ohange in relative mass flow. The total-pressure 
recovery is increased through a reduction in shock Mach number. 
The relative mass flow remains constant up to the peak pressure 
recovery with no evidence of stähle shock equilibrium within the 
Inlet. The apparent increase in relative mass flow at low values 
of pressure reoovery is prohably due to measuring errors associated 
with the separations of the flow when the shock approaches the 
pitot-static rake. 

The average experimental relative mass flow for the super- 
critical conditions of flow In figure 13 is shown in figure 14 
and Is compared with the theoretical values for neutral shock 
equilibrium at a subsonic flow coefficient of 0.5. The average 

relative mass flow of each configuration is approximately 1- to 

2 percent ahove the theoretical curve and is consistent with the 
theory and the experimentally determined value of the subsonic 
flow coefficient, because the perforated-area distribution in 
each case is less than that for neutral shock equilibrium. The 
maximum relative mass flow of 0.98 for configuration 1.40-a-l 
corresponds to the minimum ratio of total perforated area to 
throat area over the range of contraction ratios. 

The theoretical data points in figure 14 were ohtained by a 
numerical integration of the equation 

I^^P^Sl 
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*3  = "2 = ml " 
*1 

pvQbdA (4) 

based on the theory of reference .3, in which the perforation 
distributions from figure 9 were used to evaluate dA in each 
case. The theoretical data show excellent agreement with the 
experimental results. Further comparisons in tabular form will 
he given subsequently. 

Maximum total-pressure recoveries P3/P0 obtained with each 

configuration are shown in figure 15 for configurations with the 
minimum perforated-area distributions required for starting. The 
slight changes in peak pressure recovery (0.90 to about 0.91) are 
negligible compared to the range in contraction ratio from 1.40 
to about 1.55. Because the normal shock was downstream of or at 
the throat of the inlet and the calculated reduction in throat 
Mach number with increasing contraction ratio for the configurations 
was from 1.42 to 1.25, the peak pressure recovery appears limited 
by either a decreasing effectiveness of the straight throat section 
in stabilizing the shock downstream of the throat (reference 2) or 
a deterioration of the subsonic diffusion process with increasing 
subsonic Mach number behind the shock. An appreciable gain in 
total-pressure recovery was obtained over the maximum of 0.838 
reported in reference 2 for a convergent-divergent inlet with a 
contraction ratio of 1.176 at a Mach number of 1.85. 

Inlets with unstable shook equilibrium. - Configurations with 
more than sufficient perforations to permit normal shock entranoe 
but less than those required for neutral shock equilibrium had the 
same characteristics as those of the preceding group. (See fig. 16.) 
Although stable shock equilibrium was evidenced with configuration 
1.49-d as a decrease in relative mass flow for positions of the 
shock within the inlet, the peak total-pressure recovery did not 
increase over that obtained with configuration 1.49-c (fig. 13). 
The stable shock equilibrium over the short range of relative mass 
flows was unexpected but was not surprising in view of the small 
deviation of the slope of the perforation-distribution curve from 
that of the theoretical curve. The maximum pressure recovery 
obtained was about 0.92 for configuration 1.53-d, which had a theor- 
etical distribution of perforations based on the design consider- 
ations for neutral shock equilibrium. 

Inlets with some region of stable shock equilibrium. - The 
relations of total-pressure recovery to relative mass flow are pre- 
sented in figure 17 in an order of progressively increasing 
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perforation distribution for eaoh inlet (fig. 9). From these 
relations, stable shook equilibrium within the inlets may be 
noted as a continuous decrease in the relative mass flow from 
that of the supercritical condition of flow. Because the slopes 
of the perforation-distribution curves did not exceed the theo- 
retical values required for neutral shock equilibrium over the 
entire range of diffuser-area to throat-area ratios, a discontinuity 
still exists but it is in the subcritical oondition of flow, that is, 
the condition of variable relative mass flow. 

The data points at total-pressure recoveries close to that of 
a free-stream normal shock correspond to the oondition of a steady 
shook external to the inlet entrance. The second set of data 
points (for example, fig. 17(h)) in the subcritical condition of 
flow (below the peak pressure recoveries and above those of a free- 
stream normal shock) were obtained with only the more highly per- 
forated configurations. " These data points correspond to a con- 
dition of flow in which the normal shock rapidly oscillated from a 
position ahead of the inlet entrance to a position downstream 
of the diffuser throat. (The positions of the shook were observed 
from high-speed motion pictures of the schlieren image in which 
sections of the normal shock could be seen through perforations 
in alinement with the optical light path.) Beoause the pressure 
Impulses were rapidly damped in the tubes between the pitot-static 
rake and the manometer, the pressure recoveries recorded are some 
average of the true pressure recoveries at the two extreme shock 
positions modified by the time the shock persists at each position. 
The relative- mass flows are only a rough approximation "because a 
prerequisite for the method of calculation used is a steady-state 
flow. 

For configurations 1.49-g, 1.53-g, 1.55-e, 1.59-e, and 1.63-e 
(figs. 17 (i), (1), (o), (r), and (u), respectively), the oscillat- 
ing type of flow extends over the entire subcritical region. The 
lower data points (a steady shook ahead of the inlet entrance) were 
obtained only when the tunnel was started with the diffuser outlet 
closed. According to theory, the shock should either remain in 
stable equilibrium within the inlet or revert to a corresponding 
position ahead of the inlet entranoe. Whether the oscillating-flow 
phenomenon is an inherent characteristic of the perforated-type 
inlet, a characteristic of the test model, or an effect of local 
flow variations that may be remedied by using smaller, more numerous 
perforations is unknown. 

The experimental results are in agreement with those theoreti- 
cally expected from consideration of the effect of the slope of the 
perforation-distribution curve on stable shock equilibrium. With the 
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exception of configuration 1.55-C (fig. 17(m)), all configurations 
indicate some stability. For configurations 1.40-c-l, 1.40-O-2. 
1.53-e, 1.55-c, and. 1.59-c, (figs. 17(a), (c), (j), (m), and (p), 
respectively), the slopes of the perforation-distribution curves 
exceeded those theoretically required for neutral shock equilibrium 
for only a short range of diffuser-area to throat-area ratios 
(approximately 1.05) and the degree of stable shook equilibrium is 

•within the limits of instrumentation preoision. As the slopes of 
the perforation-distribution curves vere progressively increased 
over a greater range of local inlet-area ratios (approximately 1.20), 
the degree of stable shock equilibrium was increased. 

The most significant discrepancy between the experimental 
results of figure 17 and the theory is the ocourrenoe of the peak 
pressure reoovery with the shock very close to its most upstream 
stable position within the inlet and the incremental increase in 
peak pressure recovery with perforation distribution after stable 
equilibrium of the shook has been obtained. Theoretical consider- 
ations of the inlet alone dictate that the peak, pressure recovery 
be obtained when the shock Mach number is a minimum. This minimum 
shock Mach number is at the throat unless the inorease in local 
Mach number due to the mass flow removed by the perforations 
pvQjjdA exceeds the decrease in looal Mach number due to the con- 

traction of the stream tube by the inlet wall. Thus, in terms of 

the perforation distribution slope,   '   2 «^ JL. The maximum peak 
3s7§2  Gb 

pressure reoovery for a given contraction ratio, however, should be 
obtained with the first perforation distribution that allows stable 
shook equilibrium, because the minimum stable shock Mach number is 
the lowest. This discrepancy between theory and experiment cannot 
be rationalized within the limits of the assumptions made. Although 
the exact reasons for the inoreases in peak-pressure recovery are 
unknown, the occurrence may be the result of minimizing an inter- 
action of the shock with boundary layer and of an improvement in 
subsonic-diffuser efficiency. Whereas the shock Mach number increases 
with the ratio of diffuser area to throat area, the perforations 
behind the shock provide a relief for any boundary-layer thickening 
caused by the adverse pressure gradient through the shock. The flow 
conditions at the entrance to the subsonic diffuser are thereby 
improved and a net improvement in peak pressure recovery could result. 
The limiting perforation distribution at which this effect produces 
the maximum peak pressure recovery for a given contraction ratio is 
not well defined. An increase in the perforation distribution slope 
over practically, the entire length of configuration 1.59-e (fig. 9(f)), 
however, decreased the peak pressure recovery from approximately 0.95 
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to 0.94 (figs. 17(q) and 17(r)). A similar decrease in the peak 
pressure recovery is noted "between configurations 1.70-a and 
1.70-b (figs. 9(h), 17(v), andl7(w)). 

At the contraction ratio of 1.40, the local increase in the £> 
slope of the perforation-distribution curve near the throat of the H 

starting configuration 1.40-C-2 (fig. 9(b)) over that of 1.40-a-l 
(fig. 9(a)) had no effect, and the same peak pressure recovery of 
0.90 and relative mass flow of 0.98 were obtained. Also, the 
ratio of total perforated area to throat area required for starting 
was the same. At the higher contraction ratios of 1.59 and lr63, 
the inorease in the slopes of the perforation distributions improved 
the peak pressure recoveries for the starting configurations 1.59-c 
and 1.63-c (fig. 17(p) and (s), respectively) approximately 4 per- 
cent over the value of 0.90 for the starting configurations with 
theoretical perforation distributions (fig. 15). The starting 
ratios of total perforated area to throat area in figures 17(p) and 
(s) were increased above the values expected for a subsonic flow 
coefficient of 0.5 and the relative mass flows for supercritical 
conditions are approximately 2 percent below the theoretical values 
for neutral shock equilibrium given in figure 14. 

The highest peak total-pressure recoveries at all contraction 
ratios were obtained with configurations highly perforated in the 
vicinity of the throat. The data points on figure 18 are for 
configurations 1.40-d-l, 1.40-f-2, 1.49-g, 1.53-g, 1.55-i, 1.59-d, 
1.63-c, and 1.70-a. The solid curve is the theoretical peak pressure 
recovery for neutral shock equilibrium at a subsonic flow coefficient 
for the perforations of 0.5, and represents only normal shook losses 
at the inlet throat. The trend of the experimental data approximates 
the theoretical curve up to a contraction ratio of 1.55 and then 
levels off. Although the maximum experimental total-pressure recovery 
of 0.958 was obtained at a contraction ratio of 1.63, the experimental 
data have no well-defined peak, and pressure recoveries of approxi- 
mately 0.95 were attained over a range of contraction ratios from 1.53 
to 1.70. 

% 
Up to a contraction ratio of 1.55 the assumption of isentropic 

flow upstream of the shock is a good approximation at the Mach number 
of the investigation beoause the difference of approximately 3 per- 
oent "between the highest peak total-pressure recoveries and the 
theoretical ourve may be accounted for by the subsonic diffusion 
losses. At contraction ratios greater than 1.55, the experimental 
curve in figure 18 levels off at a value of approximately 5 percent 
below the theoretical values. This leveling off .of the experimental 
curve may be the result of supersonic-diffusion losses, and at a 
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contraction ratio of 1.70 the supersonio diffusion losses may "be 
estimated at approximately 2 percent if the subsonic diffusion 
losses are assumed constant. 

The relative mass flows corresponding to the peak total- 
pressure recoveries presented in figure 18 were considerably "below 
the theoretical values for neutral shock equilibrium. For config- 
uration 1.63-e, (fig. I7(u)), the relative maBS flow of 0.82 
associated with the peak total-pressure recovery of 0.958 is 
approximately 12 percent less than the theoretical value. Calcula- 
tions indicate that approximately 5 percent of this reduction is due 
to the increase In perforation distribution over the theoretical 
distribution; the remaining 7 percent Is due to the increased flow 
spillage of perforations behind the normal shock In the converging 
portion of the inlet. 

Comparison of Experimental and Integrated 

Relative Mass Flows 

The relative mass flow for supercritical conditions of operation 
may be evaluated by a numerical integration of equation (4). Experi- 
mental and Integrated relative mass flows for supercritical flow 
conditions were compared. The results for several perforation dis- 
tributions of the 1.49, 1.53, and 1.59 inlets are shown in the follow- 
ing table; the percentage variation is shown as positive when the 
integrated value exceeds the experimental value: 

Configuration Mass-flow ratio, mg/rn^ Variation 

Experimental Integrated (percent) 
1.49-c 
1.49-e 
1.49-g 

0.972 
.956 
.934 

0.965 
.949 
.922 

-0.7 
-.7 

-1.3 

1.53-c 
1.53-e 
1.53-f 
1.53-g 

0.960 
.942 
.931 
.906 

0.956 
.938 
.924 
.896 

-0.4 
-.4 
-.7 

-1.1 
1.59-c 
1.59-d 
1.59-e 

0.915 
.901 
.892 

0.925 
.910 
.899 

1.1 
1.0 
.8 

The variation between measured and integrated values remains 
approximately within the limits of experimental precision (±1.0 per- 
cent) . This agreement Indicates that the proposed assumption and 
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^1 
method of evaluating 

0 
pvl^dA in reference 3 give results 

that are praotioahle approximations to the supersonic flow 1$ 
through the perforations. * ^ 

Visual Flow Observations 

Typioal schlieren photographs of the flow pattern ahout inlets 
with stähle shock equilibrium are presented in figure 19 for several 
operating conditions. In figure 19(a) with the shock downstream of 
the throat, the mass flow spilled through the perforations is a 
minimum for the configuration, and is indicated qualitatively hy the 
boundary layer that appears as a light area (upper half) and a dark 
area (lower half) adjacent to the inlet wall. With the shock 
positioned in the inlet, the increase in flow spillage is noticeable 
in figure 19(b) as a thickening of the light and dark areas down- 
stream of the shook. (The approximate position of the internal 
shook is indicated by the arrow.) Coincident with this thickening, 
a flow compression emanates from the boundary layer. This compres- 
sion is probahly the result of a supersonic flow deflection generated 
by the inoreased flow spillage that appears to form the boundary 
layer into a virtual ramp. The transition in flow pattern between *• 
figures 19(a) and 19(h) was observed to be a continuous funotion of 
the shock position. 

The appearance of the osoillating flow when visually observed 
is illustrated in figure 19(c). The range of shock positions was 
from the blurred image of the how wave ahead of the inlet to a 
location downstream of the throat. Photographs taken at 
4-microsecond exposure (figs. 19(d) and 19(e)) reveal the details 
of the shock pattern for two positions in its oscillation. In fig- 
ure 19(d) the shook appears as a typical how wave encountered in 
the subcritical condition of flow. The flow pattern behind the 
shock indicates considerable turbulence. In figure 19(e), the shock 
is within the inlet at a position coinciding approximately with the 
oblique wave emanating from the inlet wall. The flow is entering 
the inlet entranoe at free-stream conditions and the shock pattern 
approximates that which would be expected under a steady-state flow 
condition. 

Four-microsecond photographs of the inlet with the shook at 
its most downstream position of oscillation are unavailable. A 
study of high-speed motion pictures, however, indicates the flow 
pattern to he similar to that of figure 19(a). 
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Angle of Attack 

At an angle of attack of 3.9°, the highest peak pressure 
recoveries of figure 18 were reduced from 2 to 3 percent. In 
this respect, the performance of the inlets appears comparable 
to that of shock-type inlets. The change in relative mass flows 
from, those obtained at zero angle of attack indicated slight 
reduction within the limits of instrumentation. 

Estimation of Importance of Total-Pressure 

Eecovery and Relative Mass How 

A method by which the relative merits of an increase in total- 
pressure recovery obtained at the expense of a decrease in relative 
mass flow may he evaluated is to determine the internal thrust coef- 
ficient C^ 3 for a simulated ram-Jet unit from the experimental 
relations of total-pressure recovery to relative mass flow. The 
equation for the internal thrust coefficient as developed in 
appendix B is 

't,3 
0.525 ^3 

?0 HL? 

mo 

ma 
— I 4.324-0.509 —    -2 + 2 
^0 V P3/ \ "m0/v0 

(5) 

In equation (5), the geometry of the ram-Jet unit is variable so 
that the internal thrust coefficient is independent of physical 
dimensions. The velocity recovery ve/v0 represents the fraction 

of free-stream velocity retained by the air spilled through the 
perforations and is a design parameter as yet unknown. An 
inspection of equation (5) reveals, however, that should the 
velocity recovery equal unity the internal thrust coefficient has 
its limiting maximum value. No penalty is placed on the inlet for 
decreases in relative mass flow; identical results are obtained 
when the relative mass flow is unity. When the velocity recovery 
is zero, the reduction in internal thrust coefficient is a maximum; 
the internal thrust coefficient then has its limiting minimum 
values. In general, the velocity recovery should lie between 
unity and zero. Although variations in the velocity recovery with 
contraction ratio, perforation distribution, and relative mass flow 
may be expected, a first approximation may be made by holding the 
velocity recovery constant. 
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Typical internal thrust coefficients calculated from experi- 
mental values of total-pressure recovery and relative mass flow- 
are presented in figures 20(a) and 20(h) for velocity recoveries 
of 0 and 0.6, respectively. The inlet contraction ratio is 1.49. 
Configurations with less than the minimum ratio of total perforated 
area to throat area required for starting and the suhoritioal 
conditions of flow with external shocks are not considered "because 
they do not represent practicable design points. The dashed curves 
are lines of constant relative mass flow. A vertical displacement 
of a given data point below the dashed curve on which relative mass 
flow equals unity represents the change in internal thrust coef- 
ficient due to a momentum IOBS of spilled air. 

The supercritical region of flow is indicated in figures 20(a) 
and 20(b) "by the linear variation in internal thrust coefficient 
with total-pressure recovery. Shock stability in the converging 
section of the inlets is characterized by the decreasing slopes of 
the curves as the peak pressure recovery is approached. 

When a velocity recovery of zero was assumed (fig. 20(a)), the 
effect of the momentum loss of the spilled air was severe. Configura- 
tion 1.49-c, which had the highest relative mass flow of 0.97 for its 
contraction ratio, gave the highest internal thrust coefficient of 
0.814. Subsequent configurations 1.49-f and 1.49-g increased the 
peak tptal-pressure recoveries to 0.924 and 0.940 and reduced the 
internal thrust coefficient to 0.80 and 0.69, respectively. The peak 
internal thrust coefficients for all configurations corresponded 
closely to the supercritical conditions of flow. 

For an assumed velocity recovery of 0.6, (fig. 20(b)), an 
increase in the peak internal thrust coefficient from 0.83 with con- 
figuration 1.49-c to approximately 0.84 for configuration 1.49-f 
was realized. The peak internal thrust coefficient of 0.823 for 
configuration 1.49-g is lower, hut is in the suhcritical region of 
flow. 

At an assumed velocity recovery of unity, the highest internal 
thrust coefficients occur at the highest peak pressure recoveries. 
A value of internal thrust coefficient of 0.88 for configuration 
1.49-g is ohtained by vertically projecting the peak total-pressure 
recovery of 0.94 to the relative mass-flow curve of unity on either 
figure 20(a) or 20(b). Although this velocity recovery would not 
be encountered in practice, it represents, a limiting condition of 
flow. 

Over the entire range of contraction ratios and perforation 
distributions investigated, the highest valueB of the internal 

OIOTDEHTÄL 
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thrust coefficients are presented in figure 21 for velocity 
recoveries of 0, 0.6, and 1.0. The configurations for these 
data points are listed in the following table: 

Inlet Perforation distribution 
contraction Velocity recovery 

ratio 0 0.6 1.0 
1.40-1 a c d 
1.40-2 c d f 
1.49 c f g 
1.53 e e g 
1.55 d f h 
1.59 0 o d 
1.63 c c e 
1.70 a a a 

For an improvement in velocity recovery, the peak internal thrust 
coefficient appears to occur at higher contraction ratios and 
increased perforation distributions as indicated hy figure 21 and 
the preceding table, respectively. 

At an assumed velocity recovery of 0, the highest internal 
thrust coefficients are obtained between contraction ratios of 1.40 
and 1.49. An increase in the velocity recovery to 0.6 shifts the 
highest internal thrust coefficient to a contraction ratio of 
approximately 1.59. For the limiting condition of velocity recovery 
equals 1.0, a contraction ratio of 1.63 that gives the maximum pres- 
sure recovery has the maximum internal thrust coefficient of 0.90. 

In terms of perforation distributions the trend is similar. 
In general, configurations that first permitted normal shock 
entrance gave the highest values of peak internal thrust coef- 
ficient at a velocity recovery of zero. These configurations have 
the highest relative mass flow at their respective contraction 
ratios. (The one exception is configuration 1.53-e.) The data 
points correspond olosely to the peak total-pressure recovery and 
to supercritical conditions of flow. At a velocity recovery of 
0.6, the data points correspond to configurations with ratios of 
total perforated area to throat area greater than that required for 
normal shock entrance. All data points correspond to supercritical 
conditions of flow, but are not necessarily for the peak total- 
pressure recoveries of their respective configurations. For the 
limiting condition of velocity recovery equals 1.0, the data points 
correspond to the more highly perforated configuration at each con- 
traction ratio. All data points are in the subcritical condition of 
flow and are for the peak total-pressure recovery. 
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A comparison may "be made of the internal thrust coefficients 
of perforated inlets with the convergent-divergent inlets of ref- 
erence 2 "because the relative mass flow of the convergent-divergent 
inlets is unity. The values of internal thrust coefficient then 
ooincide with the corresponding theoretical curve of figures 20(a) 
or 20(h). The inlet of 10° straight taper and 1.176 contraction 
ratio with a 2-inch cylindrical throat of reference 2 at a free- 
stream Mach number of 1.90 gave a peak total-pressure reoovery of 
0.810. The peak internal thruBt coefficient for this inlet is 
0.72, a decline of approximately 11 percent from the value of 0.814 
for an inlet having a 1.49 contraction ratio at a velocity reoovery 
of 0, and a reduction of approximately 15 percent from the value of 
0.85 for an inlet having a contraction ratio of 1.59 at a velocity 
recovery of 0.6. 

SUMMARY OF RESULTS 

An investigation of perforated-type convergent-divergent inlets 
at a Mach number of 1.90 gave the following results: 

li The experimental average subsonic flow coefficient for the 
oircular sharp-edged perforations used was approximately 0.50. 

2. A maximum total-pressure reoovery of 96 percent of the 
free-stream total pressure at a relative mass flow of 82 percent 
was ohtained with an inlet having a contraction ratio of 1.63. 
A mayimum relative mass flow of 98 percent was ohtained with a peak 
pressure recovery of 90 percent using an inlet having a contraction 
ratio of 1.40. 

3. Pressure recoveries up to 92 percent were ohtained using a 
theoretical distribution of perforations "based on the design con- 
siderations for neutral shook equilibrium. For some of these 
configurations, shook stahility at the throat of the inlet was 
ohserved. Additional perforations upstream of the throat stahilized 
the shock in the converging section of the diffuser and improved the 
pressure recovery, hut reduced the relative mass flow. 

4. Theoretioal (integrated) and experimental values of the 
supersonic flow removed hy the perforations during supercritical 
operation agreed'to approximately 1 percent over a range of con- 
traction ratios from 1.40 to 1.59 and the perforation distributions 
investigated. • 

5. A theoretioal oomparison of the effectiveness of total- 
pressure recovery and relative mass flow was made in terms of an 
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internal thrust coefficient. For a velocity recovery of 0 of the 
flow spilled through the perforations, gains in pressure recovery 

K were offset "by losses in mass flow, and. an inlet with a contraction 
52 ratio of 1.40 or 1.49 was found to he preferable. For a velocity 

recovery of 0.6, moderate mass-flow losses may he tolerated and an 
inlet with a contraction ratio of 1.59 gave the maximum internal 
thrust coefficient. 

6. The maximum thrust coefficient of the perforated diffuser 
at a velocity recovery of zero was 11 percent greater than that of 
a convergent-divergent diffuser. At a velooity recovery of 0.6, the 
maximum internal thrust coefficient was 15 percent greater than that 
of a convergent-divergent diffuser. 

Lewis Flight Propulsion Lahoratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 
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APPENDIX A 

THEOKETICAL EQUATIONS USED IN DESIGNING- 

PEKFOKATED INLETS 

The original derivation of the equation for calculating per- 
foration size and distribution is given in reference 3. The cal- 

oulations for f3> and -EL Qb may he simplified if the equations 
BPQa     Pe7e 

are presented in a form that utilizes one-dimensional supersonic 
flow and normal shook relations, and two-dimensional Prandtl-Meyer 
expansion equations. These are available in tahulated form in 
reference 4. 

The general equation that is numerically integrated to ohtain 
the number and the distribution of perforations along a diffuser as 
a function of the local Mach number is 

Ml -p-dM3*1 

<• 
S2   * 

P^b 
BP2^a 

" V (Al) 

where 

7+1 
2(7-1) /   7+1   X^'"-1-' 

(A2) 

and where Mg is ohtained from the ratio of the statio to total 

pressure pe/Po »ad e    is the angle hetween the final Mach line 
and the diffuser wall. 

H 
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In terms of the coordinate angles <P and <Pe, 

sin"1 ±- - 9 m  sin"1 -L - sin"1 i. + (Cf> -cp) 
Me Me       M    e 

(A3) 

The coordinate angles may "be expressed, however, in terms of the 
Prandtl-Meyer expansion angle ty   through which a stream must turn 
to expand from sonic velocity M# to a supersonic Mach number M. 
Because 

'=#wl#tH2-1) 

and . 

* -A/Zäi tan"1 JZzi (M2-l)   -   ( 90-sin"1 1 

sin"1 A. - 9 = \J/.  - \|/ 
Me e 

(A4) 

The equation that is numerically solved in conjunction with 
equation (Al) to obtain the diffuser cross-sectional area as a 
function of the local Mach number is 

<3_      OV      OV  / D 32* pv s2* 
(A5) 
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Multiplying through "by e,5.   and .„P...Q gives 
Peve P0V0 

S 
N 

s _ PQVO 
S2#   pv 

(pv)»  PA 
P°V°  Jo  VPeVe 1 P°V° ~ VS2*/ 

* • / " f -JZ-Q^fsZ» 4^ A 
<*b (A6) 

However. 

P v 
-S-S. sin (\|/e-\|>) 
pv       c 

7+1 
\2(7-D 

~\ 

sin (^e-ty 

y 

(A7) 

or 

ß|- Qb = sin (VHJ p v Ke e 
(A8) 

Also. 

1 ^ AM 
l\PdMdM 

32* 
32* V/ x _ f3% 

BP2<*a 

(A9) 

The quantities on the right side of equation (A9) have "been 
previously calculated in evaluating equation (Al). 

If the pressure pe is assumed constant and equal to PQ, 

Mg = MQ in equations (A2), (A3), and (A4); and ^e - ^0 in 

equations (A4), (A7), and (A8). 

mr ~^ti *» 
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It has "been brought to the attention of the authors that a 
limiting condition for determining the exit Mach number Mg exists. 
When the final Mach line of the Prandtl-Meyer expansion at a per- 
foration becomes parallel to the inlet vail, the angle 0 in 
equations (A2), (A3), and (A4) is then zero and the exit Mach number 
a maximum. Should the final Mach line fall outside the inlet wall, 
the maximum exit Mach number Me WSiX    of the perforation is the 
value that exists in the expansion at the Mach line that is parallel 
to the inlet vail; Mg WHT   then becomes a function of only the local 
inlet Mach number and is given in terms of the Prandtl-Meyer expan- 
sion angle ty by the equation 

*  -   Watt   "  Bta"1 M-1- (A10) ' e,max 

A solution of equation (A10) for the maximum exit Mach number 
in terms of the local Mach number is shown in figure 22. These 
values for ML m„ from figure 22 should he used to evaluate 
equations (A2), (A3), (A4), (A6), (A7), and (A8) whenever the final 
Mach line falls outside the inlet wall. For the assumption that 
the static pressure pe is constant and equal to PQ, this 
phenomenon first occurs at a local inlet Mach number of unity when 
the free-stream Mach number is 2.083. 
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APPENDIX B 

BASIS FOE COMPARING DIFFÜSERS TO DETERMINE 

OPTIMUM DESIST POINTS 

The equation used to evaluate the design thrust coefficients 
shown in figure 20 vas obtained through an integration of the 
momentum equation ahout a general ram-Jet unit, considering only 
the effects of pressure recovery and relative mass flow of the air 
approaching the supersonic diffuser inlet. In order to isolate 
these internal effeots, the external velooity is considered to he 
zero and the esteraal pressure is assumed equal to the free-stream 
static pressure p0, which is analogous to having the air supplied 

to the unit at the free-stream Mach number MQ hy means of a ram 

pipe with a diameter equal to that of the diffuser inlet (fig. 23). 

Integrating ahout the two-dimensional "boundaries a, b, c, and 
d, the general equation for thrust is 

P =  (]])   päA cos co + (ifj        (pvdA cos ß)v_   (Bl) 

where the thrust is positive in the negative direction of x, to is 
the angle between the positive direction of x: and the outward- 
drawn vector normal to dA, and ß is the angle between the velocity 
vector v and the outward-drawn vector normal to dA. 

Across boundary ab" the mass flow HIQ emerging from the ram 

pipe may be segregated into three parts mA, me, and mg for pur-, 

poses of analysis,  (m» is the flow spilled ahead of the inlet 

entrance when the normal shook is upstream of station 1; nig is 
the flow spilled through the perforations; and mg is the flow 

passing through the throat.) Across boundary cd, the velocity 
of au and m  is assumed to be v^ and ve normal to cd and 

at the free-stream static pressure pg. The mass flow m4 issuing 

from the jet is choked and at a static pressure p4. 
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I 

Integrating equation (Bl), the internal thrust Deoomes 

F = %v4 - mov0 + S4(p4-po) + m&v& + n^ 

The internal thrust coefficient "based on the Maximum area of the unit is 

(B2) 

•M      ^3 

or, using orje-dimensional and thermodynamlo relations, 

m3 

1 
2 

?0 

I        V1    2V0'1 

r,-i 

>   "2 

J 
mAvA + gg^e 

*0S3 

7AEAT. 
vhere the heat-release parameter is T «= , 2, £ .% the relative mass flov is m^/ran. 

and the fuel-air ratio is f, 

(B3) 

•**-      \J~ 

I 

@ 
8 

1 

*W1 
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For conditions where the normal shook is within the inlet 
entrance, mA is zero. Then 

meve 

*cPs 

1 - S^ *Ö** 

0^3 
.«ü-s 

"W v0 S3 
(B4) 

8^/83 may also he expressed as 

Si  1 ?3 M3 f 1 + 

s. 

7Q+1 

70-i^2\5T?viT 
!TMo 

53      m3 *0 "o mgPr V1 
0. + -=s— M, 

(B5) 

when   7    equals    7Q-* 

The thrust coefficient then hecomes 

V1      2 
1   ?3M3/1 + —M< 

2(7n-l) 

"«,3 m_   p„   M~ ^3P0M0l1 + ^i      2 
mo 

m, 7er1.. SX2 2=§(1+f)   f1 + -V«o' 
—/\|T TC 74+1 

r JTN 

4 

V. 

(1 •*£*•)"** 
^ 

(¥) 
?4 

74-1 

> -2 +2 (l  - m/Y0 

J 

(B6) 

If the Mach number   M,    is held constant at 0.2 and the heat-release 
parameter at 4.0, the fuel-air ratio required will depend on the 
efficiency of the combustion prooess for a given fuel.    For purposes 
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H 
DO 
Ü1 
It* 

of comparison, however, the fuel-air ratio term may "be neglected, 
7^ may be taken, at 1.4, and the total pressure before and after 

combustion may "be assumed equal with negligible change in the 
relative values of the thrust coefficient "between the various 
inlets. From an evaluation of the constants in equation (B6) on 
this hasis, 

't,3 
„ 0.525 F5 

*£ P0 
^O 

J0Q 
(4.324-0.5088 J± ] -2 +2   [1  - _£) _£. 

v0 
(B7) 

The lower limit of the total-pressure recovery P3/P0 for 

p, 
which equation (B7) is valid is obtained when -2L 

p3 
= 0.528, 

the static total-pressure ratio required for sonic velocity at the 
Jet outlet. The lowest value of the relative mass flow for which 
the combustion chamber is the major diameter is given "by 

or 

Si n 0.525 P3 
^^•M =    1    B 
S3 

ÜÜ1 _ 

m3 P0 

0.525 mQ " 

when 

-1 = 1.0 

Should the relative mass flow he less than the value thus determined, 
the inlet becomes the major diameter of the unit. It is noted that 
the internal thrust coefficient thus computed represents the design 
condition of a unit for the inlet test point considered. 
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Figure 2. - Theoretical variation of diffuser cross-sectional area 
with local Mach number.  Free-stream Mach number MQ, 1.90. 
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Figure 3. - Theoretical distribution of perforations along 
diffuser Inlet. Contraction ratio, 1.55j free-stream Mach 
number MQ> 1.90. 
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777m 

Diameter» D 
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L 
(in.) 

(in.) 

Contraction ratio,  S]/S2 

1.402 1.490 1.531 1.553 1.589 1.630 1.703 

0 1.826 1.882 1.908 1.921 1.944 1.969 2.012 
.25 ' 1.882 
.50 1.876 
.75 1.826 1.862 1.908 1.921 1.944 1.969 2.012 

1.00 1.819 1.832 1.901 1.914 1.936 1.961 2.005 
1.25 1.804 1.794 1.883 1.895 1.917 1.942 1.984 
1.50 1.780 1.752 1.855 1.869 1.888 1.911 1.951 
1.75 1.748 1.710 1.815 1.830 1.846 1.866 1.903 
2.00 1.709 1.670 1.766 1.782 1.793 1.810 1.839 
2.25 1.668 1.628 1.712 1.725 1.733 1.747 1.767 
2.50 1.632 1.588 1.663 1.673 1.680 1.690 1.703 
2.75 1.601 1.560 1.622 1.629 1.634 1.641 1.649 
3.00 1.576 1.546 1.589 1.593 1.597 1.600 1.605 
3.25 1.557 1.542 1.563 1.566 1.567 1.570 1.572 
3.50 1.546 1.548 1.548 1.549 1.550 1.550 
3.75 1.542 1.542 1.542 1.542 1.542 1.542 
4.25 1.542 
4.75 1.542 1.542 1.542 1.542 1.542 1.542 

Figure 6. - Sketch of typical inlet with table of 
coordinates for contraction ratios investigated. 
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Figure 7. - Photograph of inlet 1.59-e illustrating distribution of perforations. 





NACA RM E50B02 45 

Conical 
plug- 

combustion, chamber 

(a) Schematic diagram showing component parts. 

(b) Pitot-static survey rake located at station A-A. 

Figure 8. - Sketch of experimental model. 
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inlets. Free-stream Mach number MQ, 1.90. 
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